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Abstract 
Thermal Atomic Layer Deposition was used to deposit Al2O3 layers with thickness ranging from 2 to 100 nm for surface 
passivation of silicon solar cells. Various characterization techniques were used to evaluate the chemical, physical and optical 
properties of the layers and interfaces. Minority carrier lifetime around 2 ms was measured for an optimal thickness of 15 nm for 
as-deposited layers on high resistivity n-type silicon substrate. An annealing step at 400°C increases lifetime up to 5.7ms for the 
same structure. 
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1. Introduction 
A key point to reduce recombination losses and increase silicon solar cell efficiency is the surface passivation. 
This issue is becoming more crucial with the reduction of the wafer thickness.  
An important advance in the field of surface passivation of silicon solar cells in recent years has been the re-
introduction of thin aluminum oxide layers deposited by ALD [1, 2, 3]. The advantage of Al2O3 relies on the 
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thermally-activated field effect passivation mechanism at the Al2O3/Si interface that further improves the chemical 
passivation.  
 
This work aims at the in-depth characterization of Al2O3 thin films deposited by Thermal Atomic Layer 
Deposition (T-ALD). Chemical, physical and optical properties were evaluated for various thicknesses of Al2O3 
layers ranging from 2 nm to 100 nm, with a particular interest for very thin layers (below 10 nm). Film thickness and 
refractive index were measured by spectroscopic ellipsometry. Atomic Force Microscopy (AFM) was used to 
confirm the thickness evaluation and to control the surface roughness. The O/Al ratio was analyzed by Electron 
Probe Micro-Analysis (EPMA). X-Ray Diffraction (XRD) measurements were made starting at room temperature 
and heating the sample by step of 25°C up to the crystallization temperature. For photovoltaic applications, the 
minority carrier lifetime was measured before and after an annealing step performed on the optimal thickness of 
Al2O3 deposited on n-type silicon. The influence of temperature, annealing time and argon pressure were studied for 
the passivation improvement. 
2.  Sample preparation 
We used 250 μm thick float zone (FZ) n-type and p-type double side polished Si (100) substrates with a 
resistivity of 10-11 ȍ·cm and 4 ȍ·cm respectively. Prior to Al2O3 deposition, the wafers were cleaned using 
standard chemical process (Piranha (H2O2, H2SO4) and diluted HF).  Various thicknesses of Al2O3 films were 
deposited by ALD in an Ultratech Fiji F200 reactor. Trimethylaluminium (Al(CH3)3) and water (H2O) were used as 
reactants. The substrate temperature during deposition was set to 250°C.  After the as-deposited characterization, an 
annealing step was performed on several n-type substrates in order to enhance minority carrier lifetime. Influence of 
temperature (350-450°C), time (5-15min) and Argon pressure (5-500 Torr) was analyzed. 
3. Results 
3.1. Thickness and refractive index 
Thickness and refractive index of very thin layers ( 10 nm) are difficult to measure as interfaces play a major 
role and parameters are often highly correlated. Measurements may need the knowledge of the characteristics of this 
film (density, structure, roughness, and stoichiometry). Consequently, our ALD layers have been characterized by 
several methods that have allowed us to obtain different characteristics of these Al2O3 films, to study their structure 
and to confirm measured thicknesses.  
3.1.1. Spectroscopic ellipsometry 
 
Ellipsometry is a well-known technique to obtain thickness and refractive index. However, it requires a minimum 
knowledge of the sample material and the choice of the optical model becomes increasingly important with 
decreasing thickness. Thickness and refractive index were measured for Al2O3 films (from 20 to 1000 thermal ALD 
cycles) by spectroscopic ellipsometry in the 1.5 – 5 eV range. Data were fitted with a Sellmeier law to extract the 
refractive index values for the entire spectral range of interest [4]. To investigate the structure 
(substrate/interface/oxide) and the effect of a possible interface layer, two optical models were compared in the 
analysis (Fig.1). A 1 nm silicon-rich oxide layer (SiOx, x2) was introduced at the interface between the silicon 
substrate and the oxide layer in model 2 (Fig.1). The presence of a Si-rich oxide layer that contains Si-Si bonds and 
Si-O bonds has been reported in the literature to describe the refractive index of very thin SiO2 layer grown on Si 
substrates [5]. 
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Fig. 1. Optical models for the Al2O3 layers deposited on single crystalline silicon using ALD. 
     
The refractive index at 630 nm is shown in Fig.2 as a function of thickness of Al2O3 with (Model 2) and without 
(Model 1) a 1nm-thick interface layer of SiOx (x2). For Model 1 a significant increase of the refractive index is 
observed with decreasing thickness starting around 50 nm. The refractive index increase can be attributed to a high 
index interface layer. By introducing a layer of SiOx (x<2) at the interface between Al2O3 and the substrate (Model 
2) the calculated value of the refracted index of the alumina films are close to the expected value of 1.65, in 
agreement with literature [3], for the films with thickness larger than 10nm. However, even with a SiOx interface 
layer, an increase of the extracted refractive index is observed with decreasing thickness below 10 nm. This can be 
due to the larger influence of the interface [6] for very thin films and the strong correlation between the refractive 
index and thickness in the optical models.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Refractive index (at 630nm) as a function of the Al2O3 thickness with (Model 2) and without (Model 1) a SiOx interface layer. 
 
 
By plotting the layer thickness as a function of the number of ALD cycles (Fig. 3) we obtain (slope of the curve, 
Fig 3.) a growth per cycle (GPC) of 0.98 ǖ  for a deposition temperature of 250°C, in agreement with the values 
ranging from 0.5 to 1.5 ǖ reported in the literature [4].  
 Corina Barbos et al. /  Energy Procedia  77 ( 2015 )  558 – 564 561
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.  Al2O3 film thickness as a function of the number of ALD cycles (Tdep=250°C) 
 
 
The thickness and refractive index uniformity was measured on an 8 inches wafer coated with a 100 nm-thick 
Al2O3 film. Fifteen measurements were made by ellipsometry on this sample and the thickness was found to be 
e = (100.1±0.3) nm. The value of the refractive index at 630 nm was also very stable n = (1.650±0.002).  
3.1.2. Atomic Force Microscopy 
 
Atomic Force Microscope (AFM) can be used to measure the thickness with a precision of a few angstroms. A 
standard photolithographic procedure followed by a selective HF etching of the alumina layer was used to produce a 
step pattern on the samples (Fig. 4). Thicknesses measured by AFM for Al2O3 films produced by 50, 100 and 200 
ALD cycles were compared to values obtained in ellipsometry and were found in very good agreement.  
 
 
 
 
 
 
 
 
 
 
Fig. 4.  Etching pattern of an Al2O3 layer on a Si substrate and an AFM scan 
 
Roughness measurements were also performed by AFM. This analysis was made on 2 μm x 2 μm areas. 
Roughness of the FZ silicon substrates was around 0.28 (average of 5 measurements). For Al2O3 films (2-15 nm) the 
roughness was 0.26-0.27 nm and stable when increasing thickness. These values are quite low so roughness should 
not interfere with thickness measurements for layers of several nanometers but it should indeed be taken into 
account for layers of less than a few nanometers. 
3.2. Structural characterization  
It is known that the alumina layer deposited by thermal ALD at 250 ° C on a silicon substrate is amorphous in the 
initial state. The X-Ray Diffraction measurements (XRD) made at room temperature on as-deposited samples 
confirmed this information. XRD measurements were made starting at room temperature and heating the sample by 
step of 25°C (for 10 min at each temperature) up to the 1000°C. Fig. 5 shows the XRD results obtained for a sample 
with 100 nm Al2O3 for different annealing temperatures. An annealing temperature of 825°C results in two peaks in 
the signal, at angles 2Ĭ § 31.4° and 2Ĭ § 32.7°. These angles are assigned to the diffraction planes which appear for 
the theta phase crystallization of Al2O3 [JCPDS/ICDD: 01-086-1410]. Consequently, the crystallization temperature 
Si 
Al2O3 
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for a 100 nm film was found to be around 825°C (Fig.5). This temperature is compatible with firing of the contacts 
that is normally done around 800°C for a few seconds. Jakschin et al. [6] have reported a crystallization temperature 
of 900°C for a 5 nm Al2O3 film deposited by thermal ALD. They compared samples of different thicknesses and 
noted that decreasing thickness leads to a higher crystallization temperature, so our results are in agreement with 
their observations.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. XRD spectra at different temperatures for a 100 nm Al2O3 film on a Si substrate 
 
The film stoichiometry was measured by Electron Probe Micro-Analysis (EPMA) and was found to be 
O/Al=1.55 for a 100 nm film. This is close to the expected value of 1.5 for stoichiometric Al2O3 as there are no 
significant contributions from the interface with the Si substrate. While decreasing the Al2O3 film thickness, the 
O/Al ratio increases due to the ultra-thin SiOx interface layer already noted with ellipsometry measurements.  
 
     Table 1. O/Al ratio for different Al2O3 thicknesses measured by EPMA. 
Al2O3 thickness (nm) O/Al  
5 1.86  
10 1.76  
20 
100 
1.6 
1.55 
 
 
3.3. Minority carrier lifetime measurements 
The minority carrier lifetime (Ĳeff) was evaluated by Photo-Conductance Decay using a Sinton Instruments WCT-
120 system. This parameter was first measured on as-deposited FZ Si substrates coated on both sides with Al2O3 
layers of various thicknesses. Fig.6 (left) shows the effective lifetime versus the injection level for a n-type (10-11 
:.cm) and a p-type (4 :.cm) Si substrate with a 15 nm thick Al2O3 film. The difference in Ĳeff observed for an 
injection level 2.1014 cm-3 between n-type Si (2 ms) and p-type Si (0.68 ms) can be explained by the different doping 
levels of the substrates. The effective lifetime measured as-deposited at 2x1014 cm-3 as a function of thickness on n 
and p-type silicon wafers is shown on Fig.6 (right). The surface passivation increases between 5 nm and 15 nm and 
tends to stabilize for larger thicknesses. This correlation between film thickness and as-deposited surface passivation 
performance may be attributed to a small “in situ annealing effect” taking place in the ALD reactor during 
deposition at 250°C) [3]. The much higher Ĳeff values measured with the n-type silicon is confirmed on this graph. 
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Fig. 6. Left : injection-dependent minority carrier effective lifetime in  n-type c-Si (10-11 ȍ·cm) and p-type c-Si (4 ȍ·cm) with as-deposited 
15nm Al2O3 on both surfaces. Right: effective minority carrier lifetime (injection level 2.1014cm-3) n-type and for p-type c-Si as a function of the 
Al2O3 thickness for as-deposited thermal ALD films. 
 
After Ĳeff measurements on as-deposited samples, annealing was done on the best structure (15 nm on n-type 
silicon). Several annealing parameters were studied (temperature, annealing time, Argon pressure) in order to 
optimize this step. Argon pressure, between 5 and 500 Torr did not affect Ĳeff. To investigate the influence of 
temperature, Ar pressure (5 Torr) and time (12 min) were kept constant. We can observe on Fig.7 (left) that 
annealing at 450°C has a detrimental effect on Ĳeff and that 400°C seems to be optimal with a Ĳeff value up to 4.4 ms. 
The annealing time (5, 10 and 15 min) was investigated for a fixed temperature of 400°C. Fig. 7 (right) shows that a 
Ĳeff  value of 5.7 ms is reached for an optimal annealing time of 10 min.  
 
 
Fig. 7:  Injection-dependent minority carrier effective lifetime in n-type c-Si (10-11 ȍ·cm) with 15nm of Al2O3 for different annealing 
temperatures (left with annealing time 12 minutes) and for different annealing times (right with annealing temperature 400°C). 
 
Fig.8 shows a μW-PCD mapping measured on a n-type 2 inches Si wafer coated on both sides with 15 nm Al2O3 
and annealed at 400°C for 10 min. The large variation in Ĳeff values may be due to the initial quality of the wafers, 
the cleaning conditions or possibly to temperature non-homogeneity within the deposition chamber.  It can explain 
the variations in Ĳeff values (Fig. 7) for samples prepared in the same experimental conditions. 
 
In conclusion, at this stage of the investigation, the most favorable conditions for the annealing step under argon 
pressure are an annealing temperature of 400°C during 10 min. These conditions lead to minority lifetimes values up 
to 5.7 ms measured on high resistivity n-type silicon wafers.   
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Fig. 8:  μW-PCD mapping of a 2 inches n-type Si wafer coated on both sides with 15 nm Al2O3 and annealed at 400°C for 10 min. 
4. Conclusion 
In this paper, the properties of Al2O3 films deposited by thermal ALD were studied. Various characterization 
techniques were used to find the stoichiometry (O/Al=1.55), the crystallization temperature (825°C), the roughness 
(0.25 nm over 2 μm x 2 μm) and the refractive index (1.65 at 630 nm) of Al2O3 thin films. Prior to annealing, 
minority carrier lifetime as high as 2 ms was reached on n-type Si substrate for an optimal Al2O3 thickness of 15nm. 
The annealing step was optimized for n-type silicon coated with 15nm Al2O3. Optimal minority carrier lifetime 
values (5.7 ms) were reached for an annealing step of 10 min at 400°C. 
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